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Abstract: For the wider applications, it is necessary to improve the 
ductility as well as the strength and wear-resistance of hypereutectic Al-
Si-Cu alloys, which are typical light-weight wear-resistant materials. An 
increase in the amounts of primary silicon particles causes the modified 
wear-resistance of hypereutectic Al-Si-Cu alloys, but leads to the poor 
strength and ductility. It is known that dual phase steels composed of 
hetero-structure have succeeded in bringing contradictory mechanical 
properties of high strength and ductility concurrently. In order to apply 
the idea of hetero-structure to hypereutectic Al-Si-Cu alloys for the 
achievement of high strength and ductility along with wear resistance, 
ultrasonic irradiation of the molten metal during the solidification, which 
is called sono-solidification, was carried out from its molten state to just 
above the eutectic temperature. The sono-solidified Al-17Si-4Cu alloy is 
composed of hetero-structure, which are, hard primary silicon particles, 
soft non-equilibrium a-Al phase and the eutectic region. Rheo-casting 
was performed at just above the eutectic temperature with sono-solidified 
slurry to shape a disk specimen. After the rheo-casting with modified sono-
solidified slurry held for 45 s at 570 ºC, the quantitative optical microscope 
observation exhibits that the microstructure is composed of 18area% of 
hard primary silicon particles and 57area% of soft a-Al phase. In contrast, 
there exist only 5 area% of primary silicon particles and no a-Al phase in 
rheo-cast specimen with normally solidified slurry. Hence the tensile tests 
of T6 treated rheo-cast specimens with modified sono-solidified slurry 
exhibit improved strength and 5% of elongation, regardless of having 
more than 3 times higher amounts of primary silicon particles compared to 
that of rheo-cast specimen with normally solidified slurry.   
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T
he wider applications of aluminum alloy components are expected to achieve 
weight reduction of transport equipment such as automobiles. Since hypereutectic 
Al-Si alloys exhibit high strength at elevated temperatures, good wear resistance and a 
small thermal expansion coefficient, they have been applied to compressor and engine 
components 
[1, 2]. These outstanding material characteristics are mainly owing to hard 
primary silicon particles crystallized during the solidification. It is known that high  397
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amounts of crystallized primary silicon particles are required 
to improve the wear resistance
 [3-8], finer and granular primary 
silicon particles are moreover necessary to assure high strength 
and ductility 
[9, 10]. However, the liquidus temperature of 
hypereutectic Al-Si alloys rapidly increases with an increase 
in silicon content, so that the addition of the alloying element 
silicon extends the semisolid temperature range composed of 
liquid alloy and solid silicon 
[11]. Consequently, the primary 
silicon particles are ready to grow coarsely during the 
solidification, which causes the mechanical properties, plastic 
deformability and machinability to deteriorate. As a counter 
measure, the generation of heterogeneous nucleus of AlP is 
known to be quite effective in refining primary silicon particles 
in hypereutectic Al-Si alloys
 [2].
Hard primary silicon particles are made finer by ultrasonic 
vibration of the molten hypereutectic Al-Si alloys during 
the solidification, which is called sono-solidification 
[12-16]. 
The authors have reported that non-equilibrium a-Al phase 
appears in hypereutectic Al-Si alloys in sono-solidification 
[14, 
16], in addition to the refinement of primary silicon particles. 
In contrast, the usually contradictory mechanical properties of 
strength and ductility are concurrently improved by creating 
hetero-structure composed of hard and soft dual phases in steels 
[17]. Then the expression of characteristics arising from hetero-
structure can be also expected to sono-solidified hypereutectic 
Al-Si alloys consisted of hard primary silicon particles and soft 
a-Al phase.
In the present study, the focus is on leading light-weight anti-
wear material of hypereutectic Al-17wt.%Si-4wt.%Cu alloy, that 
is, fundamental composition of A390. The hetero-structure of 
hard primary silicon particles and soft a-Al phase was prepared 
by the sono-solidification, in which slurry was shaped by rheo-
casting at the semisolid temperature. Through the measurement 
of tensile strength and elongation of rheo-cast Al-Si-Cu alloy 
with hetero-structure, the effect of hetero-structure composed 
of hard silicon particles and soft a-Al phase on the usual 
contradictory mechanical properties are elucidated.
1  Experimental procedure
With precisely compounding ingots listed in Table 1, 
hypereutectic Al-17Si-4Cu and Al-17Si, hypoeutectic Al-7Si-
4Cu and Al-7Si alloys were prepared without the addition 
of grain refining agents to primary and/or eutectic silicon. 
Semisolid slurries were prepared with and without applying 
ultrasonic vibration during the solidification by using the 
apparatus shown in Fig.1, in which the rheo-casting apparatus 
was also shown at the bottom. The sono-solidification apparatus 
for slurry preparation was composed of an ultrasonic generator 
and radiator, electric furnace, sample holder, BN coated SUS304 
container and sample lifter. The output power of the ultrasonic 
generator was 600 W, the resonant frequency was 19 kHz 
and the vibration peak to peak amplitude was 20 mm without 
loading. Each alloy was heated up to 50 °C above the liquidus 
temperature and degassed with argon bubbling for 15 min. After 
immersing the ultrasonic radiator in the molten aluminum alloy, 
the sample was cooled down to a given semisolid temperature 
with ultrasonic vibration. Additionally, normal solidification was 
also carried out without ultrasonic vibration to compare with the 
sono-solidified microstructure. Semisolid slurries cooled down 
to a given temperature with or without ultrasonic vibration were 
rheo-cast immediately after pouring into a sleeve.
 
Alloy No.      Si       Cu       Fe       Mn         P      Al
 7Si   7.02  0.007   0.14  0.002  0.0004  Bal.
17Si   17.0   0.01   0.09  0.010  0.0006  Bal.
25Si   25.0  0.002  0.047  0.002  0.0002  Bal.
7Cu  0.072   7.07   0.14  0.001       ＜0.001  Bal.
Table 1: Chemical compositions of original ingots for 
rheo-casting with sono-solidified slurry
The rheo-casting apparatus shown in the bottom of Fig. 1 
consisted of plunger tip, sleeve and mold. The plunger tip was 
directly connected with a 20-ton oil cylinder, whose moving rate 
was set at 0.05 m·s
-1 without loading. The preheat temperature of 
the mold was 200 °C in all rheo-castings. The semisolid slurry 
was shaped to a disc-like rheo-cast sample 45 mm in diameter 
and 15 to 20 mm in thickness. Rectangular tensile specimens of 
8 mm width and 3 mm thickness were formed from as cast disc-
like samples by wire-cut electro-discharge machining (WEDM). 
Some of the Al-17Si-4Cu and Al-7Si-4Cu alloy samples were 
heat-treated for 5 h at 500 °C as solution treatment and for 5 h at 
160 °C as aging (T6 treatment). The cross-head speed was fixed 
at 0.2 mm·min
-1 in all tensile tests. The tensile test specimens 
prepared by WEDM were found to exhibit nearly the same 
strength and elongation as those without re-melted surface layer 
by WEDM.
Fig.1: Schematic diagram of rheo-casting apparatus 
with sono-solidified slurry398
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2  Results and discussion
2.1  Sono-solidification of Al-17Si-4Cu alloy
The liquidus temperature and the eutectic temperature of Al-
17Si-4Cu alloy were calculated to be 655 °C and 570 °C 
respectively using Thermo-Calc. Then immediately after the 
sono-solidification of molten alloy from 700 °C to 570 °C, 
rheo-casting was carried out at 570 °C. Typical microstructures 
of disc samples rheo-cast with sono-solidified and normally 
solidified slurry (without ultrasonic vibration) are shown in 
Fig. 2. Both dark gray contrast of primary silicon particles 
and white area of granular a-Al phase recognized in Fig. 2(a) 
are thought to be solid just before the rheo-casting, and the 
remaining gray area of the eutectic region to be crystallized from 
the liquid state by rapid cooling. In contrast, coarse primary 
silicon particles with a complex facetted shape appear as shown 
in Fig. 2(b) rheo-cast with normally solidified slurry, and there 
exist no non-equilibrium granular a-Al phase, which is different 
to that in Fig. 2(a).
Fig. 2:  Typical microstructures of rheo-cast Al-17Si-4Cu alloy: sono-solidified (a) and normally solidified slurry (b)
Tensile tests of rheo-cast samples were carried out in as-
cast condition. Their tensile strength and elongation are 193 
MPa and 0.2% for sono-solidified slurry, and 162 MPa and 
0.6% for normally solidified slurry. The tensile strength 
increases because of the refinement and granulation of primary 
silicon particles by sono-solidification. However, there is 
no improvement in elongation, nevertheless soft granular 
a-Al phase, which is expected to contribute high ductility, is 
crystallized to nearly 30 area% by sono-solidification.
2.2  Effects of alloying element copper on 
mechanical properties
Although the hetero-structure was achieved in rheo-cast 
samples of Al-17Si-4Cu alloy with sono-solidified slurry, the 
elongation was not improved in all tensile tests. In order to 
elucidate the reason, the effect of alloying element copper on 
elongation was studied in rheo-cast samples with sono-solidified 
slurries of hypoeutectic Al-7Si and Al-7Si-4Cu alloy, which are 
characterized by good ductility. The primary silicon particles are 
not crystallized in hypoeutectic Al-7Si alloy, in which more than 
50area% of a-Al phase is crystallized in equilibrium condition 
instead. Al-7Si alloy is quite suitable for the study on the effect 
of soft a-Al phase on ductility, since a-Al phase granulates 
in the sono-solidification 
[14]. The onset temperature of sono-
solidification was determined to be 50 °C above the liquidus 
temperature, that is, 617 °C in Al-7Si alloy and 603 °C in Al-
7Si-4Cu alloy. In order to adjust an amount of a-Al phase at 
solid fraction of 0.3, the termination of sono-solidification was 
determined to be 595 °C in Al-7Si alloy and 580 °C in Al-7Si-
4Cu alloy based on the Thermo-Calc calculation. Then rheo-
casting with sono-solidified slurry was performed immediately 
after the termination of sono-solidification.
Typical microstructures of tensile specimens after fracture 
are shown in Fig. 3. The shapes of the a-Al phase are modified 
from dendrite-type to granular-type in Al-7Si and Al-7Si-4Cu 
alloys by applying sono-solidified slurry to rheo-casting. The 
amount of crystallized a-Al phase is measured to be 60area% in 
Al-7Si alloy and 58area% in Al-7Si-4Cu alloy, through image 
analysis. Based upon the microstructure shown in Fig. 3(a) close 
to the fractured surface, nodules of a-Al phase in Al-7Si alloy 
are prolonged in the tensile direction, which contributes to the 
modified ductility. However, the a-Al phase is not distinctly 
deformed in Al-7Si-4Cu alloy shown in Fig. 3(b), which means 
that it does not contribute to the ductility. Black dots of CuAl2 
phase are recognized in the eutectic region of Fig. 3(b) which 
has been finally solidified during the rheo-casting. T6 treatment 
(solution treatment and aging) was carried out to make the 
CuAl2 phase disappear from the eutectic region.
The tensile strength and elongation of as-cast Al-7Si rheo-cast 
samples with sono-solidified slurry, as-cast and T6 treated Al-
7Si-4Cu alloy, are shown in Fig. 4. In the as-cast condition, the 
tensile strength is improved by the addition of copper to Al-7Si 
alloy. The elongation of Al-7Si alloy is 27%; however, it drops 
abruptly to 3% in rheo-cast Al-7Si-4Cu alloy containing CuAl2 
phase in the eutectic region. When making the CuAl2 phase 
disappear in the eutectic region by T6 treatment, the elongation 
is increased to 10% along with a rise in tensile strength. 
200 μm 200 μm
(a) (b) 399
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Hypoeutectic Al-7Si alloy containing a great deal of granular 
a-Al phase exhibits the extreme elongation of 27%. However, 
the crack initiation and propagation preferentially occur in 
the eutectic region containing CuAl2 phase as shown in Fig. 
3(b). Hence, the granular a-Al phase seems to lose the effect 
regarding the improvement in ductility. In the case of Al-Si-Cu 
alloy rheo-castings, the disappearance of the CuAl2 phase by T6 
treatment is expected to make the ductility partially recover.
2.3  Refinement of eutectic silicon by rheo-
casting
The morphology of eutectic silicon in Al-Si alloys is expected 
to affect the tensile strength and elongation. The morphology 
Fig. 4:  Tensile strength and elongation of rheo-cast Al-7Si 
and Al-7Si-4 Cu alloys with sono-solidified slurry 
after T6 treatment
   Fig. 3: Typical cross-section microstructures perpendicular to fracture surface after tensile test of rheo-cast 
Al-7Si alloy (a) and Al-7Si-4Cu alloy (b) with sono-solidified slurry (note: TD denotes tensile direction)
of eutectic silicon in Al-7Si alloy and Al-17Si alloy, which 
were produced by normal liquid casting and rheo-casting, are 
shown in Fig. 5 and Fig. 6, respectively. The eutectic silicon 
in hypoeutectic Al-7Si alloy of Fig. 5(b) is finer after rheo-
casting compared with that after conventional casting. In 
contrast, that of hypereutectic Al-17Si alloy is the same or even 
coarser after rheo-casting than after conventional liquid casting. 
When the solidification proceed to just above the eutectic 
temperature, the latent heat is emitted with the crystallization 
of primary a-Al phase in Al-7Si and primary silicon particles 
in Al-17Si alloy. The cooling curves of molten hypoeutectic 
Al-7Si and hypereutectic Al-17Si alloys are shown in Fig. 7. 
In the hypoeutectic Al-7Si alloy of Fig. 7(a), the cooling rate 
is reduced below the liquidus temperature of 617 °C; hence, 
the eutectic silicon becomes finer, because the solidification 
rate in rheo-casting becomes faster compared with that in 
conventional casting. In contrast, the decrease in cooling rate is 
not recognized below the liquidus temperature of 645 ºC in the 
hypereutectic Al-17Si alloy of Fig. 7(b). When the molten Al-
Si alloy is cooled down to the eutectic temperature of 577 °C in 
the equilibrium condition, the solid fraction of primary a-Al is 
48.3wt.% in the hypoeutectic Al-7Si alloy, and that of primary 
silicon particles is calculated to be 5.7wt.% in the hypereutectic 
Al-17Si alloy from the equilibrium phase diagram 
[11]. Thus 
the latent heat of solidified primary silicon particles has little 
Fig. 5: Typical microstructure of conventional die-castings (a) and rheo-castings (b) of hypoeutectic Al-7Si 
alloy with normally solidified slurry
200 μm 200 μm
(a) (b)
20 μm 20 μm
(a) (b)
E
l
o
n
g
a
t
i
o
n
T
e
n
s
i
b
l
e
 
s
t
r
e
n
g
t
h
 
R
m400
Vol.11 No.4 July  2014
Special Report CHINA  FOUNDRY Celebrating the 10th Anniversray 2004-2014
Fig. 6: Typical microstructures of conventional die-castings (a) and rheo-castings (b) of 
hypereutectic Al-17Si alloy with normally solidified slurry
Fig. 7: Typical cooling curves of  Al-7Si alloy (a) and 
Al-17Si alloy (b) in normal solidification
T6 treatment, are shown in Fig. 8. The area fraction of granular 
a-Al phase increases from 30area% with non-held sono-solidified 
slurry at 570 °C to 57area% with sono-solidified slurry held for 
45 s at 570 °C. The area fraction of the eutectic region drastically 
decreases with increasing a-Al phase, since the maximum 
solubility of silicon in a-Al phase is only 1.6wt.% at the eutectic 
temperature in the Al-Si phase diagram. The increase in the 
amount of crystallized a-Al phase also leads to the higher amount 
of primary silicon particles due to the ejection of silicon from the 
a-Al phase. The primary silicon is 13area% in rheo-cast samples 
with non-held sono-solidified slurry. It then rises to 18area% when 
held for 45 s at 570 °C with ultrasonic vibration. The amounts of 
primary silicon particles, that is, the area percentage of primary 
silicon, increase greatly in rheo-cast samples with sono-solidified 
slurry, because the primary silicon is only 5area% in that with 
normally solidified slurry. The hardness of primary silicon particles 
was measured to be approximately 1000 HV0.050 and that of a-Al 
phase is 95 HV0.025 after the T6 treatment.
The tensile strength and elongation of rheo-cast samples after 
T6 treatment, whose microstructures are shown in Fig. 8, are 
shown in Fig. 9. The improvement in the tensile strength of the 
rheo-cast sample with non-held sono-solidified slurry at 570 °C 
is recognized. The ductility is also slightly improved by applying 
sono-solidified slurry compared with that of rheo-cast samples 
with normally solidified slurry. However, the tensile strength 
of rheo-cast samples with sono-solidified slurry held for 45 s at 
570 °C declines from that with non-held sono-solidified slurry. But 
the ductility is remarkably improved owing to a great amount of 
crystallized granular a-Al phase. The decrease in tensile strength 
in the samples with ultrasonic irradiation for 45 s at 570 °C is 
caused by higher amounts of crystallized primary silicon particles 
and soft a-Al phase, occupying more than 50area% in the whole 
microstructure, created by additional ultrasonic vibration for 45 s at 
570 °C. Although the amount of primary silicon particles increases, 
the decrease in ductility of hypereutectic Al-17Si-4Cu alloy with 
the modified hetero-structure is caused by the large amount of 
crystallized soft a-Al phase. The hetero-structure produced by 
sono-solidification is expected to improve wear resistance because 
of larger amounts of fine primary silicon particles as compared 
with those rheo-cast samples with normally solidified slurry 
[3-8].
effect on the cooling rate below the liquidus temperature in the 
hypereutectic Al-17Si alloy. The cooling rate in rheo-casting of 
Al-17Si alloy is expected to be nearly the same or even slower 
compared with that in conventional casting from the heat 
transfer point of view, so that it is difficult to refine the eutectic 
silicon in Al-17Si-4Cu alloy by rheo-casting.
2.4  Modified hetero-structure for higher 
ductility
The improvement in tensile strength and ductility based on the 
hetero-structure of hypereutectic Al-17Si-4Cu alloy is disturbed 
by both CuAl2 phase crystallized in the eutectic region and 
coarse eutectic silicon. When the CuAl2 phase is removed by 
T6 treatment the ductility is better due to the soft a-Al phase. 
Moreover, the eutectic region is considerably reduced by both a 
higher amount of crystallized non-equilibrium a-Al phase and 
primary silicon to restrict the crack initiation and propagation. 
Rheo-casting at 570 °C was carried out with sono-solidified Al-
17Si-4Cu alloy slurry which was irradiated with ultrasound from 
700 °C to 570 °C, as mentioned previously. The other type of 
rheo-casting was also carried out with sono-solidified slurry which 
was given additional ultrasonic vibration for 45 s at just above 
the eutectic temperature of 570 °C. Both microstructures, after 
20 μm 20 μm
(a) (b) 401
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 Fig. 8:   Typical microstructures of rheo-cast Al-17Si-4Cu alloy with sono-solidified slurry 
at 570 ℃ (a) and after holding for 45 s at 570 ℃ (b)
Fig. 9: Tensile strength and elongation of rheo-cast Al-
17Si-4Cu alloy with and without sono-solidified 
slurry after T6 treatment
3  Conclusions
With the application of ultrasonic vibration to molten Al-17Si-
4Cu alloy, the creation of hetero-structure composed of hard 
primary silicon particles and soft a-Al phase was attempted for 
rheo-casting. Through the tensile tests of rheo-cast samples with 
sono-solidified slurry, the following results were obtained: 
(1) The hetero-structure of hard primary silicon particles 
with hardness of 1000 HV0.050 and soft non-equilibrium a-Al 
phase with 95 HV0.025 (after T6 treatment) is achieved in sono-
solidified Al-17Si-4Cu alloy. However, the tensile tests of 
rheo-cast samples show that ductility is not improved due to 
the existence of CuAl2 phase in the eutectic region and coarse 
eutectic silicon. 
(2) Large amounts of refined primary silicon particles and 
granular a-Al phase can be created in Al-17Si-4Cu alloy by 
additional ultrasonic vibration of sono-solidified slurry for 45 s 
at 570 °C. 
(3) Through the removal of CuAl2 phase by T6 treatment and 
the modified hetero-structure composed of large amounts of fine 
primary silicon particles of 18area% and granular a-Al phase of 
57area%, both tensile strength and ductility are simultaneously 
improved by the creation of modified hetero-structure, which is 
produced by the use of additional ultrasonic vibration to sono-
solidified slurry and T6 treatment.
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